Abstract We present new ground-motion prediction equations (GMPEs) to estimate horizontal and vertical strong ground motion intensity measures (GMIMs) generated by shallow active crustal earthquakes occurring within the Iranian plateau. To this end, a dataset containing 688 records from 152 earthquakes with moment magnitudes ranging from 4.7 to 7.4 and Joyner-Boore distances up to 250 km has been used. The effects of the local site condition are taken into account using the timeaveraged shear-wave velocities in the upper 30 m (V S30 ). We decided not to include the style-of-faulting term in the final functional form because the total standard deviation is reduced 10% by removing this term from the functional form. We used a nonlinear mixed-effects regression to determine the coefficients of the functional form and to separate out the between-event and between-station standard deviations from the total standard deviation. Significant standard deviation of site-to-site variability demonstrates that the ergodic assumption is not able to account for the spatial variability of ground motions. We introduced random-effects coefficients to capture regional variations between different tectonic regions of the Iranian plateau, such as Alborz and Zagros, in the regression analysis to investigate the effects of regionalization on GMPEs. The results showed that, although the effects of regional variations for considered regions are negligible at close distances, they are significant at longer distances. The complexity and performance of the final functional form is justified by comparing Akaike and Bayesian information criteria values over many trial functional forms. Moreover, the distribution of between-event, site-to-site, and event-station corrected residuals demonstrates that no trends are evident, implying satisfactory performance of the proposed GMPEs. Therefore, the derived GMPEs can be employed to predict GMIMs and to do seismic-hazard assessments within the Iranian plateau.
Introduction
The Iranian plateau, situated in the middle of the Alpine-Himalayan orogenic belt and characterized by active strike-slip and reverse faults and frequent moderate-to-large earthquakes, is one of the foremost tectonically active areas in the world (Berberian and Yeats, 1999; Tavakoli and Ghafory-Ashtiany, 1999; Ansari and Amini Hosseini, 2014) . The Alpine-Himalayan orogenic belt located between the Arabian and Eurasian plates undergoes compressional stresses. This area is considered as a convergent plate tectonic setting. The convergence is still active in a nearly north-south direction at a rate of ∼25-30 mm=year at the eastern edge of the Arabian plate (Sella et al., 2002) . Even though there is no historical evidence that an earthquake with a magnitude larger than 8 has struck Iran, there is a potential to have a devastating earthquake because no large earthquake has been reported for several long strike-slip faults such as Doruneh and Nayband (Berberian and Yeats, 1999) . Therefore, it is vital to be prepared for such a destructive event. Ghasemi et al. (2008) , Mousavi et al. (2012) , and Zafarani and Mousavi (2014) , using the ranking schemes proposed by Scherbaum et al. (2004 Scherbaum et al. ( , 2009 , showed that ground-motion prediction equations (GMPEs) developed based on local databases of different parts of Iran are mostly assigned better ranks compared to Next Generation Attenuation-West (NGA-West) GMPEs. Furthermore, regardless of having a suitable strong-motion network in the country, there is a limited and small number of appropriate and reliable GMPEs based on a local database in which all influential estimator parameters, such as magnitude, distance, site classification, and style-of-faulting, are taken into account. Within the last decade, several empirical GMPEs have been developed to predict ground motion intensity measures (GMIMs) for Iran or a particular region inside the Iranian plateau (e.g., Nowroozi, 2005; Zare and Sabzali, 2006; Ghodrati Amiri et al., 2007 Ghasemi et al., 2009; Sadeghi et al., 2010; Hamzehloo and Mahood, 2012; Saffari et al., 2012; Kale et al., 2015; Soghrat and Ziyaeifar, 2016) . We selected models that have been calibrated based on the data from the whole Iranian plateau and refer to these GMPEs as N05 (Nowroozi, 2005) , GZFK09 (Ghasemi et al., 2009) , SKTM12 (Saffari et al., 2012) , and KAAH15 (Kale et al., 2015) . These GMPEs used vastly different approaches and parameters. Table 1 compares their magnitude-distance range of applicability and technical differences, such as terms used in their functional forms.
Epistemic uncertainties are typically captured with a combination of GMPEs using the logic-tree approach, whereas the aleatory uncertainty σ is directly used in the probabilistic seismic-hazard assessment (PSHA) integrations to estimate hazard in a given site, and a small decrease in σ can result in a significant influence on the hazard assessments (RodriguezMarek et al., 2014) . Therefore, separating out the epistemic uncertainty from the aleatory uncertainty to reduce σ is vital for the new generation of GMPEs. One way to reduce the total standard deviation is to utilize the partially nonergodic approach (Anderson and Brune, 1999; Rodriguez-Marek et al., 2014; Kotha et al., 2016) in which the site-to-site variability is removed from the total variability. The corrected standard deviation σ ss is known as the single-station sigma (Atkinson, 2006) . Another way to reduce the total aleatory standard deviation is to consider the effects of regional differences associated with source, path, and site functions (Stafford, 2014) , because databases used to develop GMPEs can be composed of records from different tectonic regions.
Moving toward conducting partially nonergodic regionspecific PSHA (Kotha et al., 2017) , there is an essential need to update GMPEs derived based on the database of Iranian ground-motion records. In this study, we present new GMPEs to predict the horizontal and the vertical peak ground velocity (PGV), peak ground acceleration (PGA), and 5% damped linear elastic pseudoabsolute response spectral acceleration (PSA) ordinates. Although the functional form seems relatively simple, it captures the main characteristics of ground motions. We used a nonlinear mixed-effects regression analysis discussed by Stafford (2014) instead of the traditional mixed-effects algorithm developed by Abrahamson and Youngs (1992) to partition the total residual into three components (between-event, between-station, and event-site corrected residuals; Chen and Tsai, 2002) and to incorporate random-effects coefficients to account for regional differences among various tectonic regions of the Iranian plateau.
Database and Data Processing
The Iranian plateau is composed of many minor seismic zones; however, it is generally divided into two major seis- Kale et al. (2015) ; R EPI , epicentral distance; R RUP , rupture distance; R HYP , hypocentral distance; R JB , Joyner-Boore distance; σ, total standard deviation; τ, between-event standard deviation; ϕ, within-event standard deviation; ϕ 0 , event-site corrected standard deviation; ϕ S2S , site-to-site standard deviation; SRSM, square root of sum of squares of the two components; GMRotI50, 50th percentile of the set of geometric means for a given oscillator period (Boore et al., 2006) ; PGV, peak ground velocity; PGA, peak ground acceleration; PSA, pseudoabsolute response spectral acceleration; SS, strike-slip; RV, reverse; GMIM, ground motion intensity measures. mic zones with different tectonic characteristics known as the Alborz and Zagros regions. Records from the Zagros active folded belt generally have distinct frequency content, duration, and attenuation rate compared to records from the Alborz region. Further, the surface structure of these two regions is different (Berberian and Mohajer Ashjai, 1977) . As a consequence, the combination of records from these regions with various seismic characteristics and discrepant tectonic settings may result in increased standard deviations of the GMPEs (Douglas, 2004a,b) . On the other hand, compilation of a large database aims to improve the range of applicability of the database in terms of magnitude, distance, and site conditions, in addition to deriving reliable and robust GMPEs through the variability of ground motions (Kotha et al., 2016) . Ghasemi et al. (2009) and Sedaghati and Pezeshk (2016a) , utilizing the analysis of variance technique (Douglas, 2004a,b) , investigated the regional differences between major seismic zones of Iran and demonstrated that records from the Alborz region can be merged with records from the Zagros region to derive GMPEs, although these regions have different seismic characteristics. In this article, we use a dataset containing records from different tectonic regions of Iran (Alborz, Zagros, and others) to have a wider magnitudedistance range of applicability of the derived GPMEs to be used within PSHA. Thus, random-effects coefficients in the functional form are introduced to explore the effects of regional variations on GMPEs.
We collected uncorrected triaxial accelerograms for this study from the Iranian Strong Motion Network (ISMN) data recorded by the Building and Housing Research Center of Iran. The ISMN recording sensors include both analog instruments, the kinematics SMA-1 that is an optical-mechanical device and digital instruments SSA-2. Waveforms used in this study occurred during the period of 1979-2013. These records have been visually inspected, and poor quality data have been removed. To avoid confronting any biases, we performed a baseline adjustment, including subtracting the mean from the raw waveform and removing the linear trend. Then, the response of the instruments has been deconvolved with the recorded signals to correct for the instrument response. The next step is to deal with noise, which can have obvious and significant impacts on the velocity and displacement time histories obtained by the integration of an acceleration time history. It should be mentioned that, even though the separation of the noise from the signal is impossible, data processing and filtering can aid an analyst to identify which part of the signal has satisfactory signal-to-noise ratio (SNR) to be used for further investigations and to remove the part of the signal which is heavily contaminated by noise (Boore and Bommer, 2005; Douglas and Boore, 2011) . Therefore, a phaseless eight-pole band-pass filter has been applied on every single zero-padded accelerogram to remove portions of accelerograms for which SNRs are unacceptable. To prevent distortion of the size and location of the peaks in waveforms, a phaseless (acausal) filter is used to filter signals, because causal filters may change the phase portion of signals. Filter cutoff frequencies for each accelerogram are very important and can easily change values of PGV, PGA, and PSAs Bommer, 2006, 2007) . To determine these cutoff frequencies, the Fourier amplitude of the signal to the Fourier amplitude of the noise plot has been used, in which the signal is defined as a window after the origin time and the noise is defined as a window before the origin time. The length of this window is variable and flexible based on the pre-event length of the record. The lower and upper cutoff frequencies are frequencies at which the Fourier amplitude of the signal to the Fourier amplitude of the noise becomes less than three (Akkar and Bommer, 2006; Ghasemi et al., 2009) . After processing the initial database, we applied the following criteria to create the final dataset to perform regression:
• Records lacking the three components are discarded from the final dataset.
• Because the proposed GMPEs are developed for shallow active crustal earthquakes, we consider events with focal depths less than 35 km to be included in the final dataset.
• Only records with Joyner-Boore distances less than 250 km are included in the final dataset.
• Records with unknown V S30 are excluded from the final dataset. It should be mentioned that 30% of the data in the initial database had no V S30 , and they are eliminated from the final dataset.
• Regarding the recent attention about accounting for the effects of small magnitude events within PSHA (Bindi et al., 2014) , we did not set any limitations for the moment magnitude. However, our initial database consists of records with a minimum moment magnitude of 4.7.
The final dataset is composed of 688 records out of 152 earthquakes recorded at 321 different stations, with moment magnitudes varying from 4.7 to 7.4 and Joyner-Boore distances within 250 km. This dataset has 46 singly recorded earthquakes. We kept singly recorded earthquakes and aftershocks in the final dataset if they passed the abovementioned criteria. Figure 1 demonstrates the locations of the considered stations as well as the locations of the selected earthquakes. Figure 2 illustrates the distribution of data in the magnitude-distance space. It should be noted that the number of records with distances less than 10 km is not adequately robust; hence, the predicted median ground motions may not be well constrained at very short distances. Out of 688 records, 262 records are from the Zagros region, 132 records are from the Alborz region, and 294 records are from other regions, such as central and eastern Iran. Histograms of the selected records with respect to magnitude, distance, and V S30 for each region are displayed in Figure 3 . Ⓔ Table S1 (available in the electronic supplement to this article) lists all the earthquakes, dates, times, epicentral longitudes and latitudes, moment magnitudes, depths, and the number of records for each earthquake considered in the final dataset. Ⓔ Table S2 lists the name of stations, their longitudes and latitudes, V S30 , and the number of records for each station.
The vertical component and the geometric mean of the horizontal components for PGV, PGA, and PSA ordinates are considered as the vertical and the horizontal GMIMs of interest, respectively. Niazi and Bozorgnia (1991) , Elnashai and Papazoglou (1997), Ambraseys and Douglas (2003) , and Bozorgnia and Campbell (2004) discussed the effect of vertical ground motions on structures that should be taken into account, particularly for near-source distances; therefore, we estimated the coefficients of the functional form for the vertical component as well as the horizontal component. We considered 13 spectral periods: 0.050, 0.075, 0.10, 0.15, 0.20, 0.30, 0.50, 0.75, 1.0, 1.5, 2.0, 3.0, and 4.0 s. We restricted the spectral periods to these values because the number of records out of this range is very small, and the regression analysis does not yield a robust result. The peak ground displacement is intensively sensitive to the cutoff frequencies of the applied band-pass filter; therefore, this GMIM is not considered in the developed GMPEs .
Functional Form and Regression Method
Kaklamanos and Baise (2011) compared various NGAWest GMPEs and demonstrated that sophisticated functional forms essentially do not guarantee more accuracy and reduction of their standard deviations compared to simple functional forms. Hence, we included terms corresponding to the predictor variables that are available in the database. Kotha et al. (2016) used the same functional form proposed by Bindi et al. (2014) for Europe and the Middle East and showed that incorporating regional variations as random effects in the functional form results in a significant decrease in the total aleatory standard deviation. In this study, we use a parametric regression approach in which coefficients are calibrated using the nonlinear mixed-effects algorithm and consider the presence of regional variations in ground motions. In this regard, we use the nonlinear mixed-effects regression algorithm developed by Lindstrom and Bates (1990) and exerted in MATLAB with the functions of nlmefit and fitlmematrix (MathWorks Inc., 2015) .
Generally, observed ground motions are a function of source, path, and site effects. To develop a framework for the functional form, the first step is inspecting nonparametric plots of data, such as PSA values versus distance, to explore the magnitude and distance dependence of PGA and PSA ordinates. Sedaghati and Pezeshk (2016b) showed that selecting an appropriate functional form is the main step to calibrating GMPEs, whereas the effect of choosing a specific regression procedure to derive the model coefficients is insignificant. Accordingly, we chose many trial functional forms with distinctive terms included, and compared Akaike and Bayesian information criteria (AIC and BIC, respectively) values and the logarithms of their likelihoods to find an appropriate functional form that can best fit the data. Based on the considerations discussed, we propose the following functional form E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 1 ; 5 5 ; 2 9 1 lnY f source f path δB e δW; 1 in which E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 2 ; 5 5 ; 2 4 4 δW f site δ S2S ε; 2 and lnY is the natural logarithm of the GMIM of interest (PGA and PSAs in g and PGV in cm=s), δW is the withinevent term, and δB e and δ S2S are the random effects in the models to describe the between-event and site-to-site residuals. δB e has a normal distribution with zero mean and standard deviation of τ. δ S2S has a normal distribution with zero mean and standard deviation of ϕ S2S (Al Atik et al., 2010) . ϵ is the event-site corrected residual having normal distribution with zero mean and standard deviation of ϕ 0 . f source , f path , and f site are the source, the path, and the site functions, respectively.
The source function is given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 3 ; 3 1 3 ; 4 0 3 f source
in which M is the moment magnitude, M h is the hinge magnitude fixed at 7.0, and a 1 to a 4 are fixed-effects coefficients. The coefficient a 4 , which represents the saturation effect with magnitude, is not constrained to be nonnegative to allow capturing the oversaturation effect with magnitude if it exists in the dataset. The path function describing the effects of the geometrical spreading, the magnitude-dependent geometrical spreading, and the anelastic attenuation (Sedaghati and Pezeshk, 2016c ) is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 4 ; 3 1 3 ; 2 2 1 f path
in which R JB is the Joyner-Boore distance, b 1 , b 2 , b 3 , and h (fictitious depth) are fixed-effects coefficients, and Δb 3 is a random-effect coefficient to capture the effects of regional variations in the anelastic attenuation (Q −1 ). Since there is a trade-off between the geometric spreading and the anelastic attenuation terms because of the scatter of data, we restricted the coefficient b 3 to be negative or zero. The site function describing the effects of the nearsurface site diminution κ 0 (Anderson and Hough, 1984) and the site amplification is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 5 ; 5 5 ; 4 6 6 f site c 1 c 2 lnV S30 ; 5 in which c 1 and c 2 are fixed-effects coefficients. We did not account for the nonlinear site amplification effects because our dataset is deficient in records with high moment magnitude and very short Joyner-Boore distance captured at stations with low V S30 .
It is worth mentioning that we first introduced random effects on all fixed-effects coefficients, particularly on c 1 and c 2 , to capture the effects of regional differences in κ 0 and site amplification in trial functional forms. However, based on the performance of those functional forms and comparing the p-value of each random-effects coefficient, explaining the significance of that coefficient in the functional form and AIC and BIC values, we decided to represent the anelastic attenuation term by both fixed-effects and random-effects coefficients and to disregard the remaining random-effects coefficients.
Furthermore, in our trial functional forms, we first incorporated coefficients corresponding to the style-of-faulting term; yet, p-values of those coefficients reveal that they are statistically insignificant. Removing the style-of-faulting term from the functional form reduced the total standard deviation of residual by 10%. At most periods, the between-station standard deviation is nearly constant with or without the style-offaulting term; yet, the between-event and event-site corrected standard deviations are reduced after disregarding the style-offaulting term. Thus, following Kotha et al. (2016) , we decided to eliminate the style-of-faulting term from the final functional form.
Because of rising interest in implementing site-specific PSHA (Kotha et al., 2017) , we performed the regression analysis in two steps (equations 1 and 2) to separate out the site-tosite component δ S2S from the total residual. As a consequence, the site-corrected standard deviation can be obtained from E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 6 ; 3 1 3 ; 4 7 8 σ 0 τ 2 ϕ 2 0 q :
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Then, δ S2S SE (standard error) is modeled as the site-adjustment factor and its epistemic uncertainty (Rodriguez-Marek et al., 2014) . On the other hand, in traditional PSHA (i.e., ergodic assumption), all residual components are considered to obtain the total aleatory uncertainty E Q -T A R G E T ; t e m p : i n t r a l i n k -; d f 7 ; 3 1 3 ; 3 7 6 σ τ 2 ϕ 2 0 ϕ 2 S2S q :
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Results and Discussion
We first performed the mixed-effects regression analysis on equation (1) to obtain the source and path effects coefficients. Then, we performed another mixed-effects regression analysis on equation (2) using the within-event residuals obtained from the first stage to acquire the coefficients of the site-effects term. The source, path, and site-effects coefficients are listed in Tables 2 and 3 for the horizontal and vertical directions, respectively. Associated standard deviations and regional variations coefficients in anelastic attenuation terms are tabulated in Tables 4 and 5 for the horizontal and vertical directions, respectively. We also provided these tables as Ⓔ Tables S3-S6 . Moreover, site-to-site residuals for all stations to be used in site-specific PSHA studies are provided as Ⓔ Tables S7 and S8 for horizontal and vertical directions, respectively. Figure 4 compares the horizontal and vertical anelastic attenuation coefficients. The effect of the apparent anelastic attenuation is negligible at very low and very high frequency ranges; yet, it is significant in the intermediate frequency range of 1-20 Hz (Atkinson, 2004 ). An interesting point Figure 5 shows the comparison of the horizontal and vertical V S30 -scaling coefficients. The site response for the vertical component is significantly lower than for the horizontal component. This confirms the assumption of the H/V technique in which the vertical site amplification is negligible compared to the horizontal site amplification to measure the site response (Lermo and Chavez-Garcia, 1993; Zandieh and Pezeshk, 2011) . For periods less than about 0.1 s, the V S30 -scaling coefficients are positive. It is very well established that softer sites (lower V S30 ) amplify long-period motions, whereas stiffer sites (higher V S30 ) amplify short-period motions. Therefore, having positive site-response values at short period is justified. The reader is referred to Kramer (1996) for a discussion of the comparison of the site amplification effects within different sites. A similar observation was made by Ghasemi et al. (2009) and Soghrat and Ziyaeifar (2016) . Figure 6 displays the period dependence comparison of the standard deviations. The between-event and site-to-site standard deviations of vertical and horizontal motions are comparable; however, the event-site corrected standard deviation of the vertical component is higher than the horizontal component, resulting in a higher overall standard deviation for the vertical component. Stewart et al. (2016) also observed the same trend comparing total standard deviations of vertical and horizontal components. This indicates that there is more scatter of data in the vertical direction than in the horizontal direction. Because we did not discard singly recorded earthquakes or singly recorded stations, the between-event and site-to-site standard deviations may be slightly underestimated. Figures 7 and 8 show the decay rate (attenuation) of the estimated spectral accelerations with distance for the horizontal and vertical components, respectively. The median distance scaling of the proposed GMPEs are computed for a reference site with V S30 of 760 m=s. We chose PSA at a period of 1.0 s because it is widely used in the seismic-hazard analysis (Tavakoli and Pezeshk, 2005; Rezaeian et al., 2015) . The distance attenuation trends show that spectral accelerations are fairly constant (flat) for distances up to 5 km, whereas the decay rates of spectral accelerations are relatively steep for distances more than 10 km. Moreover, the M scaling, indicating the relative positions of the curves for a specific distance, is weak for high frequency and becomes stronger for low frequencies. In addition, the curvature on the curves of the vertical component implies the stronger vertical anelastic attenuation compared to the horizontal.
Figures 9 and 10 present the variation of the estimated median response spectra versus spectral period for sites with V S30 of 360 and 760 m=s located at Joyner-Boore distances of 10 and 100 km for horizontal and vertical components, respectively. The comparison of the predicted median response spectra at different distances and magnitudes confirms that the spectral acceleration decreases as distance increases, and increases with increasing magnitude. Furthermore, it can be seen that the predominant period, defined as the period in which the response spectrum is maximum , systematically increases with increasing moment magnitude for the horizontal component. However, the locations of the predominant period do not noticeably change with magnitude for the vertical component. Bozorgnia and Campbell (2016a) and Stewart et al. (2016) had a similar observation for horizontal and vertical predominant periods. The introduced random-effects term on the anelastic attenuation for each region Δb 3 indicates that the effects of regionalization on the anelastic attenuation only show up in the middle frequency range, indicating the fact that the anelastic attenuation effect is negligible at very low and very high frequencies (Aki, 1980) . This little variation between the anelastic attenuation in different regions of the Iranian plateau in the middle frequency range is caused either by the difference in the lithosphere structure of these regions or by the difference in scattered heterogeneities within the crust or by the difference of the viscosity of the lithosphere (Sedaghati and Pezeshk, 2016c). The effects of regionalization on the median predication are demonstrated in Figure 11 . The difference between predicted median motions grows with increasing distance because the anelastic attenuation influences the curvature of the distance decay of spectral accelerations. However, there is a negligible difference between predicted median motions for distances less than 100 km, indicating that the impact of the geometric spreading overweigh the anelastic attenuation at close distances, whereas the impact of the anelastic attenuation overweighs the geometric spreading at long distances . Figure 12 illustrates the effects of regionalization on the median response spectra for sites at Joyner-Boore distances of 10 and 200 km and V S30 of 760 m=s. For the site at distance of 10 km, regional differences in anelastic attenuation are clearly insignificant, whereas for the site at distance of 200 km, the influence of regional variations on the response spectra is obvious in the intermediate frequency range.
The distribution of between-event, site-to-site, and event-site corrected residuals, respectively, describes the robustness of the source (M-scaling), site (V S30 -scaling), and path (distance-scaling) terms of the functional form. Figures 13 and 14 display between-event, site-to-site, and eventsite corrected residuals against predictor variables to explore the validity of our median GMPEs for PGA and PSA at a period of 1.0 s for the horizontal and vertical directions, respectively. We used 0.25 M, 100 m=s, and 25 km interval bins to compute the average values of residuals. Error bars represent the mean of binned residuals along with their 95% confidence intervals. It should be noted that we combined two last magnitude bins because the number of records were few. We considered bins in which there are at least three observations to estimate the mean of binned residuals. The evaluation of these figures shows random distributions of residuals, indicating that there are no obvious biases, and no significant trends and models fit the observations well. There are two approaches to develop vertical design spectra for a particular site: using vertical GMPEs or using the vertical-to-horizontal (V/H) ratio approach (Bommer et al., 2011; Gülerce and Abrahamson, 2011) . In this article, we developed GMPEs for the vertical component as well as for the horizontal component using a dataset of Iran. Bozorgnia and Campbell (2016b) explained how the horizontal and vertical GMPEs can be combined to generate a model for V/H ratios, if the user wishes to work with the V/H ratio in practice. The reader is referred to Bozorgnia and Campbell (2016b, their equations 5-12) for more discussion. In essence, the V/H ratio is a function of spectral period, source to site distance, and earthquake magnitude (Niazi and Bozorgnia, 1992; Bozorgnia et al., 1995) . V/H ratios estimated from the proposed GMPEs for sites with V S30 of 360 and 760 m=s located at JoynerBoore distances of 10 and 100 km are shown in Figure 15 . The two-thirds value underestimates the V/H ratio in short periods, particularly in near-source regions, whereas the V/H ratio is less than two-thirds at longer periods. It can be observed that as the Joyner-Boore distance gets shorter, the V/H spectral ratio increases. V/H ratios are high (near 1) at short periods and have peaks at 0.1 s for distances of 100 km, indicating the effects of the soil sites in which the horizontal motion is reduced at short periods (Bozorgnia and Campbell, 2016b) , whereas the effects of soil sites on the vertical component is negligible. In the middle spectral period range, the V/H ratio is dropped, showing the stronger effect of the anelastic attenuation on the vertical motion.
Summary and Conclusions
Increasing interest in performing region-specific and site-specific PSHA motivated us to develop new horizontal GMPEs using a dataset from the Iranian strong ground motion database. Moreover, there are some limitations of V/H models discussed by Stewart et al. (2016) . The last GMPEs for the vertical motions of Iranian records were developed over a decade ago in 2005. Therefore, in addition to deriving horizontal GMPEs, we directly developed vertical GMPEs, having a similar functional form to the horizontal direction, based on the vertical recorded strong ground motions. In this regard, we used a compiled dataset, which consists of 688 three-component accelerograms from 152 earthquakes. Our GMPEs are applicable to estimate horizontal and vertical ground-motion components of PGV (cm=s), PGA (g), and PSA (g) at spectral periods of 0.050-4.0 s. GMPEs were developed for active shallow crustal earthquakes within the Iranian plateau with moment magnitudes ranging from 4.7 to 7.4 and Joyner-Boore distances up to 250 km. For magnitudes outside this magnitude range and for regions outside of the Iranian plateau, usage should be handled with caution and checked for compatibility. The developed GMPEs can be utilized for sites with V S30 in the 300-1000 m=s range. Although the range of V S30 of stations used in the dataset varies from 155 to 1564 m=s, most of the stations have V S30 ranging from 300 to 1000 m=s.
The results obtained from this study are as follows:
• Eliminating the fault type term from the functional form reduced the total aleatory standard deviation by 10%.
• Site-to-site variability (see Ⓔ Tables S7 and S8) is an important part of the total aleatory standard deviation. Removing this component from the total standard deviation and modeling it into the site-specific adjustment can significantly reduce the aleatory uncertainty.
• The apparent anelastic attenuation rate is faster for the vertical direction compared to the horizontal direction. • Site effects are negligible for the vertical direction, while having a significant effect for the horizontal direction.
• The predominant period increases with increasing magnitude on the horizontal direction, but it is fairly constant on the vertical direction.
• We observed regional variations only in the anelastic attenuation term, not in the site-response term. Allowing regional variations as random-effects coefficients inside the functional form affects long distances predictions, resulting in reduction of the total standard deviation.
• The analysis of residuals revealed that no trends were apparent and that the proposed GMPEs are generally unbiased with respect to the estimator parameters.
Data and Resources
Strong ground motion records used in this study were provided by the Building and Housing Research Center (BHRC) of Iran (www.bhrc.ac.ir, last accessed September 2016). 
